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ABSTRACT Cholesterol-rich, liquid-ordered (Lo) domains are believed to be biologically relevant, and yet detailed knowledge
about them, especially in live cells under physiological conditions, is elusive. Although these domains have been observed in
model membranes, understanding cholesterol-lipid interactions at the molecular level, under controlled lipid mixing, remains
a challenge. Further, although there are a number of ﬂuorescent lipid analogs that partition into liquid-disordered (Ld) domains,
the number of such analogs with a high afﬁnity for biologically relevant Lo domains is limited. Here, we use a new Bodipy-labeled
cholesterol (Bdp-Chol) derivative to investigate membrane ﬂuidity, lipid order, and partitioning in various lipid phases in giant
unilamellar vesicles (GUVs) as a model system. GUVs were prepared from mixtures of various molar fractions of dioleoylphos-
phatidylcholine, cholesterol, and egg sphingomyelin. The Ld phase domains were also labeled with 1,1
0-didodecyl-3,3,30,30-tet-
ramethylindocarbocyanine (DiI-C12) for comparison. Two-photon ﬂuorescence lifetime and anisotropy imaging of Bdp-Chol are
sensitive to lipid phase domains in GUVs. The ﬂuorescence lifetime of Bdp-Chol in liquid-disordered, single-phase GUVs is 5.50
5 0.08 ns, compared with 4.15 0.4 ns in the presence of DiI-C12. The observed reduction of ﬂuorescence lifetime is attributed to
Fo¨rster resonance energy transfer between Bdp-Chol (a donor) and DiI-C12 (an acceptor) with an estimated efﬁciency of 0.25
and donor-acceptor distance of 2.6 5 0.2 nm. These results also indicate preferential partitioning (Kp ¼ 1.88) of Bdp-Chol
into the Lo phase. One-photon, time-resolved ﬂuorescence anisotropy of Bdp-Chol decays as a triexponential in the lipid bilayer
with an average rotational diffusion coefﬁcient, lipid order parameter, and membrane ﬂuidity that are sensitive to phase domains.
The translational diffusion coefﬁcient of Bdp-Chol, as measured using ﬂuorescence correlation spectroscopy, is (7.4 5 0.3) 
108 cm2/s and (5.0 5 0.2)  108 cm2/s in the Ld and Lo phases, respectively. Experimental translational/rotational diffusion
coefﬁcient ratios are compared with theoretical predictions using the hydrodynamic model (Saffman-Delbru¨ck). The results
suggest that Bdp-Chol is likely to form a complex with other lipid molecules during its macroscopic diffusion in GUV lipid bilayers
at room temperature. Our integrated, multiscale results demonstrate the potential of this cholesterol analog for studying lipid-lipid
interactions, lipid order, and membrane ﬂuidity of biologically relevant Lo domains.INTRODUCTION
Giant unilamellar vesicles (GUVs) serve as cell-size model
systems for studying many aspects of biological membranes
under controlled changes of thermodynamic parameters.
Lipid domains, most notably the liquid-ordered (Lo) domain,
have been widely studied in model membranes because of
their potential role in various cellular mechanisms including
signal transduction, cellular transport, and membrane fusion
(1–3). Based on the thermodynamics of lipid mixing, the
ability to predict the formation of specific lipid domains is
of particular interest (4). Fluorescence microscopy and spec-
troscopy have been used to understand lipid-lipid, lipid-
protein, and/or lipid-marker interactions in these microdo-
mains (5–10). However, the use of lipid analogs for
membrane studies is limited by their ability to partition
into specific (mostly liquid-disordered (Ld)) domains
because of their chemical structures (3,11). Developing
new fluorescent lipid analogs for biologically relevant Lo
domains (also known as ‘‘lipid rafts’’) remains a challenge,
as is evident from the limited number of choices currently
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studies have shown that the attachment of a bulky chromo-
phore, such as 1,6-diphenylhexatriene or Bodipy, to satu-
rated acyl chains results in a decreased affinity for more
ordered domains (11). Additionally, one of the outstanding
questions in membrane studies is whether cholesterol
diffuses freely in a lipid bilayer or as a complex (even tran-
siently) with other lipid molecules (4,12,13). Verifying the
sensitivity of such cholesterol-lipid cluster formations to
lipid phase/type also remains a challenge.
Recently, Bittman and co-workers (14) synthesized
a cholesterol-Bodipy (Bdp-Chol) derivative (Fig. 1 A) and
demonstrated that it partitions into the Lo phase of bilayers.
By comparison, 7-nitrobenz-2-oxa-1,3-diazole and dansyl
derivatives in model membranes favor the Ld phase because
of the chemical nature of the chromophore link to choles-
terol, the fluorophore size, and/or the chromophore polarity.
In contrast, Bdp-Chol more closely mimics cholesterol due
to the apolar nature of the fluorophore (15) and the absence
of polar atoms in the aliphatic side chain that links the Bod-
ipy moiety to cholesterol (11). In addition, Bodipy exhibits
desirable photophysical properties, such as a high extinction
coefficient (~90,000 M1 cm1), fluorescence quantum yield
doi: 10.1016/j.bpj.2008.12.3922
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dipole that is polarized along its long axis (15,16).
In this contribution, we explore Bdp-Chol fluorescence
dynamics and interactions with lipid bilayers in ternary-
phase GUVs as a model system. We use fluorescence
lifetime and anisotropy measurements of Bdp-Chol to probe
the lipid order and membrane fluidity in different domains
with high spatial and temporal resolution. We quantified
the partitioning of Bdp-Chol in ternary mixtures of dioleoyl-
phosphatidylcholine (DOPC)/egg sphingomyelin (SM)/
cholesterol using the Fo¨rster resonance energy transfer
(FRET) method. Our results show that Bdp-Chol preferen-
tially partitions into both the Lo and Ld phase domains as
compared with the gel phase (Lb). We also used time-
resolved fluorescence anisotropy and fluorescence correla-
tion spectroscopy (FCS) to assess whether Bdp-Chol
diffuses freely in the lipid bilayer or forms complexes with
other lipid molecules during translational diffusion (17).
The fluorescence and partitioning properties of Bdp-Chol
can be exploited in membrane domain studies below the
diffraction limit.
FIGURE 1 Chemical structure of Bdp-Chol and steady-state spectroscopy
of lipid analogs used in these studies. (A) The chemical structure of Bdp-
Chol. (B) The normalized absorption (solid line) and emission (dotted
line) spectra of Bdp-Chol and DiI-C12 (DMSO) indicate their potential as
a donor-acceptor FRET pair in lipid bilayers.MATERIALS AND METHODS
Materials
DOPC, cholesterol, and egg SM were purchased from Avanti Polar Lipids
(Alabaster, AL). All lipid solutions were stored at 20C as a 10 mg/mL
stock solution in spectroscopic-grade chloroform (EMD Chemicals, Gibbs-
town, NJ). Bdp-Chol (Fig. 1 A), synthesized as described by Li et al. (14),
absorbs ~ 496 nm, with maximum emission at 506 nm in dimethyl sulfoxide
(DMSO) (Fig. 1 B). As a label for the Ld phase domain, 1,1
0-didodecyl-
3,3,30,30-tetramethylindocarbocyanine perchlorate (DiI-C12) was purchased
from Invitrogen (Carlsbad, CA). The absorption and emission bands of
DiI-C12 (in DMSO) are centered at 551 nm and 659 nm, respectively
(Fig. 1 B). Fluorophores were stored at 20C as a 1 mg/mL stock solution
in spectroscopic-grade methanol (Burdick & Jackson, Muskegon, MI). For
quenching experiments, trypan blue was used as purchased from ATCC
(Manassas, VA). Rhodamine green (RhG; Invitrogen), with a diffusion coef-
ficient DT ~ 2.8  106 cm2/s, was used to calibrate our FCS system (18).
Preparation of GUVs
GUVs were prepared by electroformation, as previously described (5).
Briefly, various lipid compositions (Table 1) were used for lipid mixing to
generate and manipulate lipid phase domains. Lipids were dissolved in a
9:1 mixture of chloroform/methanol (v/v). Lipid solutions were deposited
on electrodes and dried under vacuum. The lipid film on the electrodes
was rehydrated in a cell containing a 50-mM sucrose solution heated to
55C. The electroformation cell was then connected to a function generator
and placed in a 55C oven for the duration of the electroformation process.
The resulting GUVs were then prepared on sealed slides, where the vesicles
were used for the reported measurements (at room temperature, 22C) within
one day of formation. For quenching experiments, two slides were prepared
from the same GUV sample with (0.0075% w/v) and without trypan blue
before confocal imaging of Bdp-Chol under the same conditions.
Microscopy and ultrafast spectroscopy
The experimental set-up used for fluorescence lifetime and anisotropy
measurements has been described previously in detail (5,6,18). The laser
scanning confocal microscope (Olympus, Melville, NY) consists of an in-
verted microscope (IX81), a scanning unit (FV300), and a 1.2 NA, 60
water-immersion objective. The confocal system was modified to accommo-
date two-photon (2P) fluorescence lifetime imaging (FLIM) and polarization
imaging of Bdp-Chol using 960-nm femtosecond laser pulses, which are
TABLE 1 Molar fractionsof lipidmixing (DOPC/sphingomyelin/
cholesterol) used for GUVs
Lipid
composition
DOPC
(mol %)
Sphingomyelin
(mol %)
Cholesterol
(mol %)
Lipid
analog
Lipid
phase
A 100 — — Bdp-Chol Ld
B 50 50 — Bdp-Chol,
DiI-C12
Ld–Lb
y
C — 100 — Bdp-Chol Lb
D 70 10 20 Bdp-Chol Lo
E 25 55 20 Bdp-Chol,
DiI-C12*
Lo–Ld
F 25 50 25 Bdp-Chol,
DiI-C12
Lo–Ld
G 25 40 35 Bdp-Chol,
DiI-C12
Lo–Ld
GUVs were prepared according to the phase diagram shown in Fig. 2.
*With DiI-C12 present in the Ld phase, the fluorescence excitation and detec-
tion conditions were optimized for Bdp-Chol.
yLd and Lb phase coexistence.Biophysical Journal 96(7) 2696–2708
2698 Ariola et al.generated by a titanium-sapphire laser system (Mira 900-F, Coherent, Santa
Clara, CA). The second harmonic (480 nm) was used for complementary
one-photon (1P) excitation experiments at a reduced repetition rate (4.2
MHz, Mira 9200, Coherent). The epifluorescence signal was directed toward
two microchannel plate photomultiplier tubes (R3809U, Hamamatsu, Hama-
matsu City, Japan) through two Glan-Thompson polarizers using a 50/50
beam splitter. A histogram of fluorescence photon arrival times (i.e., a fluores-
cence decay) was recorded using an SPC 830 module (Becker and Hickl, Ber-
lin, Germany) (19).
For confocal images, a 488-nm fiber-coupled CW laser was used to excite
Bdp-Chol, with its emission collected via a 525 15-nm bandpass (BP) filter.
DiI-C12 was excited with a 543-nm laser and its emission was collected with
a 605/70 BP filter. A 525  25-nm bandpass emission filter was used for
single-point, 1P fluorescence lifetime and anisotropy measurements of
Bdp-Chol. For 2P fluorescence imaging of Bdp-Chol, an additional 690-nm
short-pass filter was also used (along with a 525/50 BP filter) to further
suppress any infrared laser scattering.
Data analysis
Based on the chromophore structure and the surrounding lipid phase, the
magic-angle fluorescence intensity decay (I54.7) of a chromophore is gener-
ally described (5,6,18,20) as
I54:7ðx; y; tÞ ¼
X2
i¼ 1
aiðx; yÞexp½  t=tiðx; yÞ: (1)
The time constants (ti) and amplitudes (ai) were used to calculate the
average fluorescence lifetime, tfl ¼
P2
i¼1 aiti=
P
ai: We used two opera-
tional modes of time-correlated single-photon counting (TCSPC): one with
2P laser scanning (i.e., 2P FLIM) and another where the 1P excitation
laser was strategically focused (in an area of ~0.7 mm2) on a selected lipid
domain. In 2P FLIM, 256  256 pixels were used with 64 time bins/pixel
(at 259 ps/bin). Complementary single-point measurements provided higher
temporal resolution (1024 time bins at 24.4 ps/bin). A nonlinear least-square
fitting routine (SPCImage, Becker & Hickl) was used to analyze fluorescence
decays, deconvoluted with the system response function (full width at half-
maximum ~50 ps). The residual and reduced c2 values (1.0–1.3) were used
to assess the goodness of the fit.
The fluorescence anisotropy r (x, y, t) of Bdp-Chol, at a given pixel (x,y) in
a vesicle, was calculated using simultaneously measured parallel (Ik (x, y, t))
and perpendicular (It (x, y, t)) fluorescence polarization images such that
(5,6,18)
rðx; y; tÞ ¼

I==ðx; y; tÞ  G Itðx; y; tÞ


I==ðx; y; tÞ þ 2G Itðx; y; tÞ

¼
X3
i¼ 1
biðx; yÞexp½  t=4iðx; yÞ; (2)
where the sum of preexponential factors (bi) equals the initial anisotropy (r0),
which is sensitive to depolarization due to rotational diffusion and ultrafast
energy transfer (20). The G-factor accounts for the biased detection efficiency
due to polarization and is estimated (G~ 0.61) using the tail-matching approach
(20) on fluorescein (tfl ¼ 3.9 ns, 4¼ 130 ps, r0 ¼ 0.33). The initial anisotropy
depends on the orientation angle (d) between the absorbing and emitting
dipoles (20,21) such that the maximum theoretical value of r0 is 0.40 (for
1P) and 0.57 (for 2P) (20). Careful analysis of scattered light, G-factor, and
optical depolarization due to the high NA objective (22,23) are critical for
meaningful steady-state anisotropy images. According to the Stokes-Einstein
model, the rotational time (4) and diffusion coefficient (DR) of a spherical flu-
orophore depend on its hydrodynamic volume (V) and surrounding viscosity
(h) such that DR ¼ 1 / 6 4 ¼ kBT / 6 hV (20). The anisotropy decays were
analyzed using OriginPro 7 (Origin Lab, Northampton, MA) and the fit good-
ness was judged by both the residual (not shown) and c2 (%0.001).Biophysical Journal 96(7) 2696–2708FRET between two fluorophores can provide insights into donor and
acceptor partitioning in lipid domains of a bilayer. In time-resolved
FRET, the energy transfer efficiency (E¼ 1  tda / td) can also be calculated
using the measured fluorescence lifetime for the donor with (tda) and without
(td) the presence of an acceptor (20). In membranes with translational phase
separation, the fluorescence decay of the donor, in the presence of an
acceptor, is given by (24)
IdaðtÞ ¼ A1expð  t=t1Þexp
 c1t1=3

þ A2exp
 t=t2

expð  c2t1=3

;
(3)
where ti is the donor excited-state lifetime in the ith lipid phase (i ¼ 1 and 2
for the Lo and Ld phases, respectively), and c1 is proportional to the surface
density of acceptor molecules. The preexponential factors, Ai, are propor-
tional to the number of donor molecules in the ith phase. The partition coef-
ficient of a probe between lipid phases 1 and 2 is given by (24)
Kp ¼ P2=X2
P1=X1
; (4)
where Pi is the probe mole fraction in the ith lipid phase and Xi is the corre-
sponding mole fraction of the lipid phase. Using time-domain FRET, the
partition coefficients of donor (Kdp ) and acceptor (K
a
p) probes can be calcu-
lated as (24)
Kdp ¼
A2=X2
A1=X1
(5)
Kap ¼
c2  a2
c1  a1; (6)
where ai is the area/lipid molecule in the ith phase. The area/lipid molecule
used in these calculations is taken from published molecular dynamics simu-
lation studies (24–26). Here, we treat phase 1 as the Lo phase and phase 2 as
the Ld phase.
Fluorescence correlation spectroscopy
The FCS setup has been described in detail elsewhere (18). FCS enables us to
extend our observation time (106–10 s) for translational diffusion studies
using fluorescence fluctuations of single molecules (1011–109 M) as they
diffuse throughout an open observation volume (27). Briefly, the sample is
excited using high-repetition rate laser pulses (480 nm, 76 MHz) and the epi-
fluorescence is isolated from the excitation light using a dichroic mirror
(690 nm long-pass) plus a filter (525/50 bandpass) for Bdp-Chol emission.
The fluorescence fluctuation signal from an open observation volume
(~1015 L) is then focused on an optical fiber (50 mm in diameter), which
acts as a confocal pinhole before detection by an avalanche photodiode
(APD, SPCM CD-2969, Perkin-Elmer, Fremont, CA). The signals are then
autocorrelated using an external multiple-t-digital correlator (ALV/6010-160,
Langen/Hessen, Germany). The system is routinely calibrated using a photo-
stable fluorophore, RhG, with a known translational diffusion coefficient
(DT ~2.8  106 cm2/s) (27–29).
The autocorrelation function, G(t), of fluorescence fluctuation, dF(t), is
defined as (27,28,30) GD (t) ¼ [dF (t)  dF (t þ t)] / hF (t)i2, where F(t)
is the fluorescence intensity at time t. The autocorrelation of fluorescence
fluctuations of a single species diffusing in three dimensions (3D) is given
by (27,28,30)
GDðtÞ ¼ N1ð1 þ t=tDÞ1

1 þ t=u20tD
0:5
: (7)
The corresponding autocorrelation function for a diffusing fluorophore in
a lipid bilayer (i.e., in 2D) is given by (31,32)
GDðtÞ ¼ N1ð1 þ t=tDÞ1; (8)
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Gaussian observation volume with an axial/translational dimension ratio
u0 ¼ z / uxy. The diffusion time (tD), which is the average residence time
of a diffusing molecule through an observation volume, is used to calculate
the translational diffusion coefficient (DT) where tD ¼ u2xy=4DT. The
Stokes-Einstein equation describes the translational diffusion coefficient of
a spherical fluorophore in solution (3D) as a function of temperature (T),
the Boltzmann constant (kB), and the hydrodynamic radius (a) of the
diffusing species such that DT ¼kBT / 6pha (20). The autocorrelation curves
were analyzed using OriginPro 7 and the fit goodness was judged by both the
residual (not shown) and c2 (%0.001). In the hydrodynamic model by Saff-
man and Delbru¨ck (33), the translational diffusion coefficient of a transmem-
brane protein in a lipid bilayer depends on the viscosity (of both membrane,
hm, and surrounding solvent, hw), membrane thickness (h), and protein
radius (a) such that:
DT ¼ kBT
4phmh
½lnðhmh=hwaÞ  0:5772 (9)
In addition, the model also provides a theoretical prediction for the trans-
lational/rotational diffusion coefficient ratio (DT / DR), which depends
quadratically on the hydrodynamic radius of the diffusing protein in a lipid
bilayer (33):
DT=DR ¼ ½lnðhmh=hwaÞ  0:5772a2 (10)
In this hydrodynamic model, the membrane was treated as a Newtonian
fluid layer (with a constant viscosity and perfectly flat surface over large
distances) for a purely two-dimensional flow. Here, we use both Saffman-
Delbru¨ck (Eq. 10) and Stokes-Einstein (where, DT / DR ¼ 4a2 / 3) models
to compare our experimental results on Bdp-Chol with the calculated trans-
lational/rotational diffusion coefficient ratio.
RESULTS AND DISCUSSION
Bdp-Chol partitions into liquid-ordered domains
To examine Bdp-Chol partitioning into various lipid phases,
we first conducted confocal microscopy on GUVs comprised
of various molar ratios of DOPC, SM, and cholesterol (Table
1 and Fig. 2). This ternary lipid mixture was chosen to mimic
the outer leaflet of eukaryotic plasma membranes (34,35).
The specific lipid compositions were determined from the
published phase diagram for DOPC/SM/cholesterol in
GUVs at 23C (36). We first examined the Bdp-Chol parti-
tioning in ternary GUVs with coexisting Lo and Ld phases.
A previous report showed that partitioning of Bdp-Chol is
sensitive to the N-acyl chain composition of SM (11). The
egg SM used here contains a number of N-acyl chain lengths
ranging from 16:0 to 24:0, but is predominantly (~84%)
16:0. The Ld domains in GUVs were labeled with DiI-C12
(34,37–39) in addition to Bdp-Chol. In contrast to the Ld
domain specificity of DiI-C12, Bdp-Chol partitions into
both Lo and Ld domains, albeit with an approximately
twofold enhancement in fluorescence intensity (i.e., concen-
tration, not quantum yield, as shown below using fluores-
cence lifetime imaging) in the Lo phase. These findings differ
slightly from a recent AFM-confocal study on supported
lipid bilayers (11). In their study, Shaw et al. (11) used (in
part) N-C18:0-SM, DOPC, and Bdp-Chol to form supported
planar bilayers by in situ fusion onto a substrate. The use ofdifferent SMs and possible substrate effects may contribute
to the differences in Bdp-Chol partitioning into Lo and Ld
domains in our GUVs versus the supported bilayer studies
(11). The miscibility behavior of lipids in supported bilayers
may additionally contribute to the different partitioning of
Bdp-Chol in GUVs (40).
We also examined the partitioning of Bdp-Chol (0.08
mol %) between the Ld and Lb phase. In binary GUVs com-
prised of a 1:1 mixture of DOPC and sphingomyelin (41), we
observed negligible partitioning of Bdp-Chol into the Lb
phase, which is consistent with previous calorimetric studies
on liposomes (42). In their studies, Spink et al. found that
cholesterol favors the Lb phase with Kp ¼ 3.3 for DPPC.
Cholesterol was insoluble in the gel phase, where it forms
a separate phase or domain (43), which may be responsible
for the small patches of fluorescence that we observed on
our GUVs (Fig. 2 C). Confocal images of vesicles with
various compositions, show that Bdp-Chol appears to parti-
tion in a fashion similar to that of unlabeled cholesterol.
Fluorescence lifetime-based FRET efﬁciency and
phase-partitioning of Bdp-Chol
The spectral overlap (Fig. 1 B) between the emission of Bdp-
Chol (donor) and the absorption of DiI-C12 (acceptor)
suggests that these lipid analogs may form a FRET pair.
Assuming randomly distributed dipoles (i.e., orientation
parameter, k2 ¼ 2/3), this spectral overlap yields an esti-
mated Fo¨rster critical distance (R0) of ~2.04 nm. We used
time-resolved fluorescence measurements (2P FLIM and
single-point modalities) to quantify the corresponding FRET
efficiency (E) and intermolecular interactions between these
lipid analogs (Fig. 3). Of particular interest is the use of life-
time-based FRET studies to probe lateral heterogeneity and
partitioning of Bdp-Chol in ternary GUVs. The results also
provide structural information on Bdp-Chol orientation in
the lipid bilayer relative to DiI-C12 (5).
2P FLIM for FRET analysis
Previously, we have shown that the fluorescence lifetime of
Bdp-PC (i.e., a tail-labeled lipid without cholesterol) is a sensi-
tive probe of lipid order, particularly in the hydrophobic region
of the bilayer, in single-phase DOPC (Ld) and DPPC (Lb) vesi-
cles (5). 2P FLIM images of Lo-Ld coexisting domains in
ternary GUVs labeled only with Bdp-Chol show slightly
different lifetimes between the two lipid phases (Fig. S1 in
Supporting Material). Using pixel-to-pixel lifetime analyses
(Fig. S1 C), for example, the fluorescence lifetime of Bdp-
Chol in the Ld domain is found to be shorter (4.5  0.4 ns)
than that in the Lo domain (5.5  0.2 ns). In these FLIM anal-
yses, the Bdp-Chol fluorescence/pixel (binning¼ 5) decays as
a single exponential (considering the signal/noise ratio and
temporal resolution), independent of the lipid phase.
In the presence of DiI-C12 in the Ld phase of ternary GUVs
(Fig. 3A), 2P FLIM images show a more distinct fluorescenceBiophysical Journal 96(7) 2696–2708
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domains in GUVs are sensitive to lipid mixing. (Top) The
phase diagram of DOPC/SM/Chol at 23C (36) served as
our guide for the lipid compositions (D, Lo phase; E–G,
Lo-Ld coexistence; B, Lo-Lb coexistence; C, Lb phase).
(Bottom) Confocal images of GUVs of varying lipid
composition (B–G; see Table 2) labeled with Bdp-Chol
and DiI-C12. DiI-C12 is known to partition into the Ld phase
(red), whereas Bdp-Chol partitions into both Lo and Ld
phases (green). In the Ld phase, there is colocalization of
DiI-C12 and Bdp-Chol (yellow). Bdp-Chol is excluded
from the gel (Lb) phase. Scale bar, 10 mm.lifetime of Bdp-Chol in the Lo–Ld coexisting domains
(Fig. 3 B). The corresponding lifetime-pixel histogram
(Fig. 3 C) can be described by a double Gaussian fit where
each peak corresponds to the Lo (t1 ¼ 5.40 ns, width ¼
0.98 ns, amplitude ¼ 1085, and area under band ¼ 64%)
and Ld (t2 ¼ 3.96 ns, width ¼ 0.89 ns, amplitude 742, and
area under band ¼ 36%) phases, respectively, that coexist
in this particular ternary GUV. Additional pixel-to-pixel life-
time analyses indicate that the fluorescence lifetime of Bdp-
Chol in the Lo domain is 5.5  0.4 ns, as compared with
3.8  0.2 ns in the Ld domain in the presence of DiI-C12.
The 2P FLIM studies of Bdp-Chol, in the presence and
absence of DiI-C12, indicate energy transfer between this
likely donor-acceptor pair (Fig. 3), which supports our predic-
tions based on their spectral overlap (Fig. 1B). Based on these
FLIM measurements, the estimated FRET efficiency in LdBiophysical Journal 96(7) 2696–2708domains is 0.19  0.07, with an average donor-acceptor
distance (R) of 2.6  0.2 nm (Fig. 3). To confirm these find-
ings with high signal/noise ratio and enhanced temporal
resolution, we also conducted 1P single-point time-resolved
fluorescence measurements where the laser was strategically
focused on a selected lipid domain.
1P single-point ﬂuorescence lifetime measurements for FRET
analysis
Single-point, 1P fluorescence of Bdp-Chol in DMSO decays
as a single exponential fluorescence with a time constant of
4.62  0.02 ns. In the sucrose buffer of GUVs, the Bdp-
Chol fluorescence decays as a triexponential with an average
lifetime of tfl¼ 1.87 0.08 ns, likely due to micelle formation,
which enables us to rule out any significant contribution of the
free analog. Complementary measurements of Bdp-Chol in
Lipid-Cholesterol Interactions in GUVs 2701FIGURE 3 Fluorescence lifetime imaging of Bdp-Chol
is sensitive to the lipid domains in liquid-liquid coexisting
vesicles, especially in the presence of the Ld label DiI-C12.
(A) Complementary two-channel confocal imaging of DiI-
C12 and Bdp-Chol enables us to identify the Ld and Lo
phase domains, respectively, in ternary GUVs. (B) The cor-
responding 2P FLIM images of Bdp-Chol reveal a shorter
lifetime in the Ld phase, especially in the presence of
DiI-C12, due to FRET. (C) A pixel-lifetime histogram of
the FRET image shows a bimodal distribution, with each
peak representative of each lipid phase domain. Using
a double Gaussian fit (see text) of this histogram, the life-
time distribution peaks at ~4.2 ns and ~5.3 ns, which is
consistent with the single-point lifetime measurements for
the Ld and Lo phases, respectively. (D) Using single-point,
1P excitation (480 nm, 4.2 MHz), the Bdp-Chol fluores-
cence in Lo (curve 1) and Ld (curve 2, in the presence of
DiI-C12) phase domains decays as a biexponential with
distinct average lifetime due to FRET (Table 2). During
these single-point measurements, the laser was strategically
focused on the domain of interest.single-phase Ld GUVs show that fluorescence decays with an
average lifetime (tfl ¼ 5.34  0.08 ns) similar to that in the Lo
phase (5.57  0.07 ns). The Bdp-Chol fluorescence decays
biexponentially in the Lb-phase GUVs with an average lifetime
of 5.2  0.1 ns and spatial heterogeneity that is likely due to
lipid packing effects (43). These average lifetimes of Bdp-
Chol are similar to literature values of Bdp-PC (without the
cholesterol) in GUVs (15). In ternary vesicles with Ld-Lo phase
coexistence, we also examined GUVs with ‘‘barbell’’ shapes
where a slightly longer lifetime (5.53 0.09 ns) was measured
at one end of the barbell, compared with 5.38  0.06 ns at the
other end. Based on these fluorescence lifetime measurements
on single- and ternary-phase GUVs, we conclude that the fluo-
rescence lifetime of Bdp-Chol is slightly shorter in the Ld phase
than in the Lo phase (see Table 2 for a summary).
TABLE 2 Fitting parameters for single-point ﬂuorescence
lifetime measurements on Bdp-Chol-labeled GUVs
Lipid composition* t1 (ns)
y a1 t2 (ns) a2 t (ns)
Ld (A), n ¼ 9 5.0 (1) 0.81 (3) 7.9 (3) 0.19 (3) 5.50 (8)
Ld (B)
z, n ¼ 8 1.8 (2) 0.28 (6) 5.4 (1) 0.72 (5) 4.5 (4)
Lb (C), n ¼ 5 2.9 (2) 0.38 (5) 6.6 (2) 0.62 (5) 5.2 (1)
Lo (D), n ¼ 8 — — 5.5 (1) 1.00 5.5 (1)
Lo (E-G)
x, n ¼ 10 4.6 (2) 0.33 (2) 5.6 (4) 0.65 (4) 5.27 (8)
Ld (E-G)
z, n ¼ 12 1.8 (3) 0.29 (3) 5.3 (1) 0.71 (3) 4.3 (1)
Numbers in parentheses represent the standard deviations of the last digit.
*See Table 1 for details of lipid compositions.
yThe deconvoluted fluorescence decays, measured at magic-angle (54.7)
polarization, were fitted using a nonlinear least-squares fitting routine with
reduced c2 ¼ 1.0–1.3.
zA small fraction of DiI-C12 was present in the Ld-phase domain, but the
fluorescence excitation and detection were optimized for Bdp-Chol.
xLd and Lb phases coexist in samples E–G (see Table 1).With only a slight difference in Bdp-Chol fluorescence
lifetime in Ld and Lo domains, its general use as a viable con-
trasting agent in liquid-liquid domain coexistence studies
may be hampered. Interestingly, however, this limitation
was easily overcome using 1P fluorescence lifetime imaging
of Bdp-Chol in ternary GUVs where the Ld domain is also
labeled with DiI-C12 (Fig. 3 D). In coexisting liquid-liquid
GUVs, the lifetime of Bdp-Chol in the Lo phase is 5.27 
0.08 ns in the absence of DiI-C12 (Fig. 3 D, curve 1) and
is significantly reduced to 4.1  0.4 ns in the presence of
DiI-C12 (acceptor) (Fig. 3 D, curve 2), presumably due to
FRET. Using these Bdp-Chol fluorescence lifetimes in the
presence and absence of DiI-C12, we estimate a FRET effi-
ciency of 0.25 and a donor-acceptor distance of ~2.45 nm
in the Ld phase.
The efficient FRET between Bdp-Chol (donor) and
DiI-C12 (acceptor, Ld-specific label) allows us to calculate the
Bdp-Chol partitioning between different lipid phases using
fluorescence lifetime imaging. For example, single-point
fluorescence decay parameters of Bdp-Chol, in the presence
of DiI-C12 (Table 2), enabled us to calculate the partitioning
of these lipid analogs into Lo and Ld phase domains. The esti-
mated partitioning coefficient (Kap ~0.35) for DiI-C12
suggests a high affinity of this lipid analog for the disordered
phase. The value calculated here is slightly higher than that
reported previously (Kap ¼ 0.15  0.02) (44), which may
be attributed to the different lipids used in the two studies.
In contrast, Bdp-Chol exhibits a high affinity for the Lo phase
with Kdp ~1.8, which is consistent with enhanced affinity for
the ordered phase, as shown in the confocal images.
In addition to Bdp-Chol partitioning into lipid domains,
the observed FRET with DiI-C12 provides insight intoBiophysical Journal 96(7) 2696–2708
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distance and dipolar orientation) in the lipid bilayer. We
previously showed that the dipole of DiI-C12 is mostly
aligned parallel to the polar headgroups of the phospholipids
while sampling the immediate aqueous environment adja-
cent to the bilayer (5). The Bodipy dipole will be 2.6 
0.2 nm in the hydrophobic core of each leaflet while the
hydroxyl group of cholesterol is in the phospholipid head-
group region (see below). It is important to note that the
longer dipole of Bdp-Chol fluorophore is likely to be perpen-
dicular to the acyl chains within the hydrophobic core of the
bilayer, whereas the shorter dipole will be parallel to the acyl
chains. Finally, these results highlight the potential of Bdp-
Chol and DiI-C12 as a FRET pair for studying translational
heterogeneity and cholesterol-rich, in vivo Lo domains
below the diffraction limit.
Enhanced membrane ﬂuidity and lipid order of
liquid-ordered phase domains as probed using
rotational diffusion of Bdp-Chol
To examine the lipid order and membrane fluidity of
membrane domains, we carried out steady-state (Fig. 4)
and time-resolved (Fig. 5) fluorescence anisotropy measure-
ments on Bdp-Chol in phase-specific GUVs. These measure-
ments also enabled us to examine the randomized dipole
orientation assumption (i.e., k2 ¼ 2/3) for the donor-acceptor
pairs in our FRET analysis.
Steady-state anisotropy imaging
To assess the degree of order in lipid domains and the distri-
bution of Bdp-Chol dipoles (with respect to the laser polari-
zation), we used simultaneous parallel and perpendicular 2P
fluorescence polarization imaging of Bdp-Chol in ternary
GUVs to calculate the steady-state anisotropy per pixel. A
typical 2P anisotropy image of Bdp-Chol in liquid-liquid
domains is shown in Fig. 4 B. The corresponding confocal
image of the same ternary GUV is also shown to help specif-
ically identify the Ld (DiI-C12) and Lo (Bdp-Chol) phase
domains (Fig. 4 A). These results clearly indicate distinctBiophysical Journal 96(7) 2696–2708environmental restrictions and higher order of Bdp-Chol in
the Lo phase (hr0 (x, y)i ¼ 0.4  0.1) compared with the
Ld phase (hr0 (x, y)i ¼ 0.22  0.05) (Fig. 4 B). The angular
dependence of 2P anisotropy indicates photoselectivity of
Bdp-Chol excitation and, therefore, a high degree of Bdp-
Chol order in the lipid bilayer. Such an angular distribution
of Bdp-Chol anisotropy contrasts with the homogenous
anisotropy of Bdp-PC alone (i.e., without cholesterol) in
Ld and Lb GUVs (5). In the presence of DiI-C12 in the Ld
phase, the reduced initial anisotropy of Bdp-Chol can be
attributed to either fast energy transfer (20) or domain-
specific restriction on the tumbling motion of this analog
in disordered lipid domains. However, similar trends are
FIGURE 5 Rotational diffusion of Bdp-Chol directly reports on membrane
fluidity of lipid domains in GUVs. Time-resolved fluorescence anisotropy of
Bdp-Chol (in DMSO, 2 cP, 295 K) decays as a biexponential with41¼ 0.18 ns,
b1¼ 0.252,42¼ 0.8 ns, andb2¼ 0.077 (curve 1). Time-resolved anisotropy of
Bdp-Chol in single Ld phase GUVs decays as a triple exponential with 41 ¼
0.15 ns, b1 ¼ 0.07, 42 ¼ 1.8 ns, b2 ¼ 0.15, 43 ¼ 38.6 ns, and b3 ¼ 0.05
(curve 2). In Lo domains of ternary GUVs, the anisotropy of Bdp-Chol also
decays as a triexponential with41 ¼ 0.37 ns, b1 ¼ 0.05,42 ¼ 2.8 ns, b2¼ 0.15,
43 ¼ 56.5 ns, and b3 ¼ 0.07 (curve 3). The rotational diffusion of Bdp-Chol
in the Lb phase decays as a biexponential with a significantly slow average
rotational time (curve 4). The fitting parameters and statistics of Bdp-Chol
rotational diffusion in GUVs are summarized in Table 3.FIGURE 4 Coexisting liquid-liquid domains, labeled
with Bdp-Chol, exhibit distinct steady- state 2P anisotropy
imaging in ternary GUVs and in the presence of the Ld label,
DiI-C12. (A) Complementary two-channel confocal imaging
of DiI-C12 and Bdp-Chol enables us to identify the coexist-
ing Ld and Lo phase domains, respectively, in ternary GUVs.
(B) The corresponding 2P fluorescence polarization images
(both parallel and perpendicular) were recorded simulta-
neously, and the anisotropy image was calculated. The
steady-state anisotropy/pixel, r(x,y), of Bdp-Chol is lower
in the Ld phase (0.22  0.05) compared to the Lo phase
(0.4  0.1), which indicates a lower degree of lipid order.
The reduction of r(x,y) in the Ld phase domain seems inde-
pendent of the DiI-C12 presence (Fig. S2). The arrow indi-
cates the laser polarization. The color bar represents the
steady-state 2P anisotropy.
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(Fig. S2), i.e., in the absence of DiI-C12 in the Ld domain.
This observation suggests that Ld and Lo domains exhibit
different lipid order and, therefore, different degrees of
restriction on Bdp-Chol mobility. The corresponding angular
difference between the absorbing and emitting dipoles (20)
of Bdp-Chol is 41  2 and 36  4 in the Ld and Lo
domains, respectively, showing greater conformational flex-
ibility in Bdp-Chol in the Ld domain. As a result, fluores-
cence polarization imaging of Bdp-Chol can be used to
contrast liquid-liquid domain coexistence.
The observed angular distribution of Bdp-Chol suggests
a high degree of order in the lipid bilayer, where the Bdp
dipole is oriented somewhat perpendicular to the phospho-
lipid acyl chains. This Bdp orientation is consistent with
the above mentioned FRET with DiI-C12, as well as previous
molecular dynamics simulations (45,46), NMR (47), and
neutron diffraction studies (48,49), which have shown that
the cholesterol hydroxyl group is energetically favored to
be near the phospholipid polar headgroups (i.e., near the
lipid-water interface). To assess the transbilayer distribution
of Bdp-Chol in the GUV bilayer, we performed preliminary
quenching experiments using trypan blue, which is imperme-
able to membranes (50). In the presence of 0.0075% (w/v) of
trypan blue quencher, the Bdp-Chol cross-sectional fluores-
cence intensity per vesicle was reduced by ~40% (Fig. S3).
These results suggest that only Bdp-Chol in the outer leaflet
of the GUVs bilayer is accessible to the trypan blue quench-
ing, whereas the remaining ~60% of this cholesterol analog
is within the inner leaflet of GUVs and thus remains un-
quenched.
Time-resolved ﬂuorescence anisotropy
We used single-point time-resolved anisotropy measurements
to quantify the rotational diffusion of Bdp-Chol in lipid
domains and the corresponding membrane fluidity (1/h,
where h is the microviscosity at a given temperature T in
Kelvin) (51–53). In addition, the amplitude of the anisotropy
decay components is used to calculate the orientation param-
eter (S ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃrN=r0
p
, or S ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃbslow=r0
p
) (20), which reflects the
bilayer constraint on the rotational motion of lipid analogs(54–56). As a control, the anisotropy of Bdp-Chol in
DMSO (h ¼ 2 cP, 295 K) decays as a biexponential (41 ¼
0.18 ns, b1 ¼ 0.252, 42 ¼ 0.8 ns, and b2 ¼ 0.077) with an
average rotational time (4) of 0.32 ns and initial anisotropy
(r0) of 0.329 (Fig. 5, curve 1). Using the Stokes-Einstein
model for a spherical fluorophore and the measured average
rotational time, the estimated hydrodynamic radius of
Bd-Chol is 0.54 nm, which is consistent with theoretical
calculations (0.55 nm) based on the molecular weight (20)
of Bdp-Chol (576.41). The rotational diffusion coefficient
(DR ¼ 1=64) of Bdp-Chol is 5.2  108 s1 and 2.1  108 s1
in DMSO using the average and slow (42) rotational time
constants, respectively. In the GUV buffer (sucrose),
however, the anisotropy of Bdp-Chol decays as a biexponen-
tial (41 ¼ 1.8 ns, b1 ¼ 0.025, 42 ¼ 19.0 ns, and b2 ¼ 0.025)
with an average rotational time of 0.52 ns and much reduced
initial anisotropy (r0 ¼ 0.05). Taking into consideration the
overall rotational time constant, we estimate a likely micelle
radius of 2.5  0.3 nm in sucrose. In addition, the distinct
anisotropy decay enables us to rule out a significant contribu-
tion of a free Bdp-Chol in the GUV buffer.
Time-resolved anisotropy of Bdp-Chol in single-Ld-phase
GUVs decays as a triple exponential with 41 ¼ 0.15 ns, b1 ¼
0.07, 42 ¼ 1.8 ns, b2 ¼ 0.15, 43 ¼ 38.6 ns, and b3 ¼ 0.05
(Fig. 5, curve 2). The average rotational time of 8.2 
0.3 ns yields a rotational diffusion coefficient of (2.0 0.1)
107 s1, compared with (4.9  0.7)  106 s1 for the slow
rotational component. The observed fast tumbling motion
of Bdp-Chol validates our random dipole orientation assump-
tion (k2 ¼ 2/3) in FRET analysis. This temporal randomiza-
tion of Bdp-Chol, as well as of DiI-C12 (5), facilitates Fo¨rster
resonance energy transfer between this donor-acceptor pair,
even in a highly organized structure such as a lipid bilayer.
Further calculations of the order parameter show that Bdp-
Chol dipoles are ordered (S ¼ 0.45  0.04) in single-phase
Ld GUVs (Table 3). This order parameter compares well
with electron spin resonance experiments, which report
‘‘averaged’’ order parameters (unlike nuclear magnetic reso-
nance) (57) in DOPC bilayers (58,59). Time-resolved fluores-
cence anisotropy measurements are sensitive to fast
segmental mobility (e.g., the tumbling motion of Bdp), asTABLE 3 Time-resolved ﬂuorescence anisotropy decays of Bdp-Chol in GUVs of varying composition
Environment* 41 (ns) b1 42 (ns) b2 43 (ns) b3 r0 4 (ns) S
DMSO; n ¼ 4 0.18 (2)* 0.25 (1) 0.8 (1) 0.08 (1) — — 0.33 (1) 0.33 (3) —
Ld (A); n ¼ 12 0.15 (2)* 0.07 (2) 2.5 (6) 0.14 (1) 35 (5) 0.05 (1) 0.25 (3) 8.2 (3) 0.45 (4)y
Lb (C); n ¼ 3 — — 3.2 (3) 0.19 (2) 52 (3) 0.18 (2) 0.37 26 (3) 0.7 (2)
Lo (D); n ¼ 4 0.37 (9) 0.05 (1) 2.8 (7) 0.15 (1) 56 (2) 0.07 (2) 0.27 (1) 16.3 (4) 0.52 (5)
Lo (E–G)
z; n ¼ 8 0.3 (1) 0.05 (1) 2.9 (9) 0.11 (2) 48 (3) 0.11 (5) 0.27 (5) 20.8 (7) 0.63 (9)
Ld (E–G); n ¼ 8 0.4 (1) 0.04 (1) 2.7 (3) 0.11 (2) 44 (2) 0.10 (5) 0.25 (4) 18.9 (3) 0.53 (9)
Numbers in parentheses represent the standard deviations of the last digit.
*For details of GUV composition, see Table 2.
yThe sum of preexponential factors (i.e., r0) and the slow-component amplitude (b3) of the anisotropy decay were used to calculate the order parameters (S).
The time-resolved anisotropy decays were fitted using a nonlinear least-squares fitting routine (OriginPro7) with c2% 0.005.
zLd and Lb phases coexist in samples E–G (see Table 1).Biophysical Journal 96(7) 2696–2708
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use of the average rotational time may underestimate lipid
bilayer microviscosity. Accordingly, we used both the
average and slow rotational time constants to calculate the
corresponding rotational diffusion coefficient and membrane
microviscosity. Assuming that Bdp-Chol is a sphere with
a radius of 0.54 nm, the apparent microviscosity of the
DOPC fluid domain is 49  1 cP (i.e., fluidity of ~2.1 P1
at room temperature) based on the average rotational time,
which agrees with values in other studies (60–63) in which
different lipid types and fluorescent analogs were used.
However, in using the average rotational time, the fast rota-
tional components may be too fast to sample Bdp-Chol
friction with other lipid molecules in the bilayer, thus under-
estimating the microviscosity. In contrast, the slow rotational
time component of Bdp-Chol in the DOPC bilayer yields an
estimated microviscosity of 232  7 cP (i.e., fluidity of
~0.43 P1), which agrees with other literature values
(64,65). This wide range of microviscosity values of bilayers
can be attributed to the variation of lipid types and experi-
mental techniques employed in previous studies.
In Lo domains of ternary GUVs, the Bdp-Chol anisotropy
(Fig. 5, curve 3) also decays as a triexponential (41 ¼
0.37 ns, b1¼ 0.05, 42 ¼ 2.8 ns, b2¼ 0.15, 43 ¼ 56.5 ns,
and b3¼ 0.07) with an estimated average rotational time, 4¼
16.3  0.4 ns, that is significantly (p < 0.05) different
from that in the Ld phase (4 ~ 8.2 ns). The average rotational
time yields a rotational diffusion coefficient of (1.0  0.4) 
107 s1, compared with (2.9  0.2)  106 s1, which corre-
sponds to the slow rotational component. These results
suggest a hindered Bdp-Chol rotational motion in the pres-
ence of more highly ordered saturated acyl chains in Lo
domains. For a spherical Bdp-Chol with a radius of 0.54
nm, the apparent microviscosity of the Lo domain is 98 
0.2 cP (i.e., fluidity of ~1.1 P1 at room temperature) based
on the average rotational time, as compared with 339  9 cP
(i.e., fluidity of 0.3 P1) using the slow rotational compo-
nent. The estimated order parameter in Lo domains (S ¼
0.52  0.05) is significantly larger than in the Ld domain
(0.43  0.03), which agrees with previous reports (66,67).
The Lb phase in single-phase GUVs (S ¼ 0.7  0.2) exhibits
a slow average rotational time (26  3 ns) with a rate of
(6.4  0.5)  106 s1, compared with (3.2  0.2)  106 s1
for the slow component (Fig. 5, curve 4). Systematic investi-
gation of rotational diffusion as a function of the experi-
mental geometry will facilitate assignment of the observed
rotational time constants to presumably out-of-plane and
in-plane motions of Bdp-Chol within the bilayer and is an
objective of current studies. Under the experimental geom-
etry used in these studies, however, the observed three-expo-
nential anisotropy decays and order parameters (S < 1.0)
indicate a mixture of in-plane and out-of-plane rotational
modes (20) of Bdp-Chol dipole (16) with respect to the lipid
bilayer. The fitting parameters of Bdp-Chol rotational diffu-
sion in GUV lipid domains are summarized in Table 3.Biophysical Journal 96(7) 2696–2708Translational diffusion of Bdp-Chol reveals
lipid phase sensitivity: comparison
with fast rotational diffusion
To test the hypothesis of cholesterol-lipid complex formation
(4) and the validity of the Saffman-Delbru¨ck model (33) for
describing the diffusion of a cholesterol derivative in a lipid
bilayer, we carried out complementary translational diffusion
measurements of Bdp-Chol in lipid domains using FCS.
Together with our rotational diffusion analysis described
above (Table 3), the experimental DT / DR value of Bdp-
Chol will be compared with the theoretical predictions using
both the hydrodynamic (Eq. 10) and Stokes-Einstein models.
For a spherical fluorophore diffusing in solution (i.e., Stokes-
Einstein model for 3D), the translational-to-rotational
diffusion coefficient ratio depends quadratically on its hydro-
dynamic radius (DT / DR ¼ 4a2 / 3) but is independent of the
surrounding viscosity as described in the seminal article by
Saffman and Delbru¨ck (33). However, time-resolved fluores-
cence anisotropy measurements, unlike those made with
FCS, are sensitive to fast segmental mobility as well as over-
all rotational diffusion. As a result, we use both the average
and the slow rotational time constants of Bdp-Chol to calcu-
late its rotational diffusion coefficient in lipid domains.
Using these multiscale diffusion measurements and the
corresponding temporal-to-spatial scaling (hence short- and
long-range diffusion), one would expect that the rotational
diffusion of a molecule spans shorter (or microscopic)
distances when compared with long-range (or macroscopic)
translational diffusion (17). This spatiotemporal scaling may
also be important in differentiating between Brownian and
non-Brownian (or anomalous) diffusion in biological
membranes due to molecular crowding, transmembrane
proteins, and cytoskeletal confinement.
As a control, the fluorescence fluctuation autocorrelation
of Bdp-Chol was measured in DMSO (h ¼ 2 cP at 295 K,
tD ¼ 0.43  0.07 ms (Fig. 6, curve 2)) with an estimated
translational diffusion coefficient of (5.4  0.2) 
107 cm2/s, using RhG (phosphate-buffered saline (PBS),
h ¼ 0.89 cP, tD ¼ 0.08  0.01 ms, DT ¼ 2.8  106 cm2/s)
as a reference (Fig. 6, curve 1). Using both translational and
slow rotational diffusion coefficients, the experimental
DT/DR value for Bdp-Chol (in DMSO) is 0.26  0.03 nm2,
which yields a hydrodynamic radius of 0.51  0.06 nm
(Table 4). Based on the molecular weight of Bdp-Chol
(576.41), we calculated a hydrodynamic radius of 0.55 nm
assuming a spherical shape (20), which agrees well with our
experimental estimate of 0.54 nm.
In the Ld domain in DOPC vesicles, a typical fluorescence
fluctuation autocorrelation of Bdp-Chol is shown in Fig. 6
(curve 3) and can be described using a 2D autocorrelation
function (Eq. 8). The measured translational diffusion time
(tD) of Bdp-Chol in the Ld phase is 3.1  0.7 ms with an
estimated DT ¼ (7.4  0.3)  108 cm2/s (n ¼ 12). As
mentioned above, the rotational diffusion coefficient of
Lipid-Cholesterol Interactions in GUVs 2705Bdp-Chol in DOPC (Ld phase) GUVs is (2.0 – 0.4) 107 s1.
Accordingly, the experimental translational/rotational coeffi-
cient ratio,DT /DR, for Bdp-Chol is 0.24 0.09 nm2 in the Ld
phase. The corresponding autocorrelation curves of Bdp-Chol
in Lo (composition D: DOPC/SM/Chol ¼ 70:10:20; tD ¼
4.5  0.8 ms (Fig. 6, curve 4)) and Lb (composition C:
FIGURE 6 Translational diffusion of Bdp-Chol in GUVs is lipid-domain-
sensitive as measured using fluorescence correlation spectroscopy. The auto-
correlation function of RhG (in PBS, pH 7.4, 0.89 cP, 295 K; curve 1) and
Bdp-Chol (in DMSO, 2 cP, 295 K; curve 2) are described well using diffusion
alone (Eq. 7), with diffusion times of 0.08  0.01 ms and 0.43  0.07 ms,
respectively. A typical autocorrelation curve of Bdp-Chol in the Ld domain
is also shown, using single-phase Ld GUVs (curve 3), as compared with the
Lo (curve 4) and Lb (curve 5) phase domains (see Table 4 and text). These
autocorrelation curves are normalized for visual comparison of the phase
dependence of Bdp-Chol translational diffusion time and diffusion coefficient
in lipid bilayers. The dotted lines (gray) are the fit curves (Eq. 7: RhG in PBS
and Bdp-Chol in DMSO; Eq. 8: Bdp-Chol in lipid phase domains) that yielded
the best c2 (<0.0005) and residual (not shown).DOPC/SM/Chol ¼ 0:100:0; tD ¼ 64  17 ms (Fig. 6, curve
5)) domains indicate slow translational diffusion coefficients
of (5.0  0.2)  108 cm2/s and (3.5  0.1)  109 cm2/s,
respectively. Based on the average (1.0  107 s1) and slow
(2.9  106 s1) rotational coefficients of Bdp-Chol in Lo
domains, the experimental DT / DR ratio is 0.77  0.05 nm2.
Using fluorescence fluctuation autocorrelation, the transla-
tional diffusion time (tD ¼ 11  2 ms) and diffusion coeffi-
cient (1.9  0.1  108 cm2/s) of Bdp-Chol in liquid-liquid
coexisting domains (G: DOPC/SM/Chol ¼ 25:40:35) were
also measured (see Table 4).
As mentioned above, based on theoretical calculations, the
estimated hydrodynamic radius of a spherical Bdp-Chol
(576.41 Da) is 0.55 nm. In addition, the viscosity of the lipid
bilayer (thickness, h ~ 3.5 nm) and the surrounding buffer is
hm ¼ 47 – 225 cP (for the Ld domain; see above) and hw ¼
0.89 cP, respectively (Table 4). Using Eq. 10 with the above
parameters, we predict that DT / DR ¼ 1.9  0.3 nm2 for
Bdp-Chol in Ld domains. This ratio is larger than the exper-
imental value of 0.24  0.09 nm2 for the same Ld phase.
Such a discrepancy between theoretical expectations from
the Saffman-Delbru¨ck model and the experimental results
could be attributed to measured translational (macroscopic)
diffusion (and therefore DT / DR) of Bdp-Chol being slower
than predicted because the analog forms a complex with
phospholipids. However, the size of such phospholipid/
cholesterol complexes is likely to be small (2.7  0.5 nm,
i.e., Bdp-Chol complex with a few phospholipids), in agree-
ment with a thermodynamic model of condensed complexes
by Anderson and McConnell (13). Care must be taken,
however, since the hydrodynamic model for transmembrane
proteins such as rhodopsin in the Saffman and Delbru¨ck
report (33) may not be applicable to a small lipid analogTABLE 4 Experimental and calculated values of the translational-to-rotational diffusion coefﬁcient ratio (DL / DR) of Bdp-Chol in
different environments (at 295 K)
Fluorophore Environment DR(s
1)* DT(cm
2/s)y
DT / DR(nm
2)
Experimental Theoretical
z
SD (2D) SE (3D)
RhG PBS (0.89 cP) 1.3  109 2.8  106 0.22  0.02 — 0.346
Bdp-Chol DMSO (2 cP) 5.2  108 5.41  107 0.11  0.02 — 0.403x
2.1  108 — 0.26  0.04 — 0.403
Ld phase 2.0  107 7.23  108 0.36  0.02 1.61 0.403
4.9  106 — 1.48  0.02 2.08 0.403
Lb phase 6.4  106 3.5  109 0.06  0.01 2.15 0.403
3.2  106 — 0.11  0.03 2.16 0.403
Lo phase 1.0  107 4.98  108 0.46  0.06 1.81 0.403
2.9  106 — 1.1  0.6 2.19 0.403
*The rotational diffusion coefficient was calculated using the average (4, top number) and slow (43, bottom number) rotational times of Bdp-Chol in the lipid
bilayer measured by time-resolved anisotropy.
yThe translational diffusion coefficient was calculated using the diffusion times of Bdp-Chol in lipid bilayer measured by FCS.
zThe theoretical DT / DR ratio was calculated using the Saffman and Delbru¨ck (SD) (Eq. 10) and Stokes-Einstein (SE) models for 2D and 3D diffusion, respec-
tively. In these calculations, we used membrane microviscosity (hm) as estimated by time-resolved anisotropy, buffer viscosity hw ¼ 0.89 cP, and membrane
thickness h ¼ 3.5 nm.
xThe hydrodynamic radius of Bdp-Chol used in these calculations was calculated using its rotational time constant (Stokes-Einstein model in DMSO) and
molecular weight.Biophysical Journal 96(7) 2696–2708
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lipid bilayer. It is of interest, and provides support for this
argument, that the predicted DT / DR ratio (0.4 nm
2) for
Bdp-Chol in the Ld phase, using the Stokes-Einstein model,
is relatively closer to the experimental value (Table 4). Recent
experimental studies on various peptides and transmembrane
proteins in 1-stearoyl-2-oleoyl-sn-glycero-3-phosphocholine
GUVs have suggested that the measured translational diffu-
sion coefficient disagree with the predicted values using the
Saffman-Delbru¨ck model (64). The authors also indicate
that their experimental results agree with a heuristic Stokes-
Einstein-like expression that is weighted by a characteristic
length for dimensional reasons. Mesoscopic simulation
studies have also been reported to quantify the size-dependent
diffusion properties of membrane inclusions (65). These simu-
lations suggest that the Saffman-Delbru¨ck model (Eq. 9)
describes well the translational diffusion of molecules with a
smaller radius than the critical value of hhm / 2hwz 7.4 nm.
However, the authors reported significant deviations from the
hydrodynamic model for molecules with a radius larger than
the critical value (65). In contrast to the lateral diffusion, the
authors also reported that the size dependence of the rota-
tional diffusion coefficient (DR) follows the predicted hydro-
dynamic scaling over the entire size range studied.
CONCLUSIONS
Using an integrated fluorescence-dynamics assay and ternary
GUVs, we have shown that Bdp-Chol is a useful analog for
a wide range of studies on membrane domains. Supported by
our experimental data, this cholesterol analog adopts the
same conformation as the parent cholesterol molecule itself,
thereby partitioning into lipid phases in the same manner
(i.e., with the Bdp moiety in the hydrophobic core and the
hydroxyl group of cholesterol aligned close to the polar
headgroups of phospholipids). Our results show that Bdp-
Chol partitions preferentially into the Lo phase, as compared
with the Ld and Lb domains. Fluorescence lifetime imaging
of Bdp-Chol is sensitive to lipid domains. It is important to
note that the observed lifetime-based FRET efficiency
between Bdp-Chol and DiI-C12 indicates a potential of this
new cholesterol analog for studying membrane heteroge-
neity beyond the diffraction limit of optical microscopy.
The rotational diffusion analyses of this new analog also
indicate a highly ordered phase with distinct membrane
fluidity in the Lo domains. Comparative FCS studies of
Bdp-Chol translational diffusion in bilayers indicate
a single-diffusing species with a diffusion coefficient that
is sensitive to the lipid phase. This contrasts with the rota-
tional diffusion studies that suggest Bdp-Chol experiences
a heterogeneous conformation and microenvironment on
the ps–ns timescale. The measured and calculated ratio of
translational and rotational diffusion coefficients of Bdp-
Chol also indicates a likely formation of cholesterol-lipid
complexes during its macroscopic (translational) diffusion.Biophysical Journal 96(7) 2696–2708Our findings open the door for the use of this fluorescent
cholesterol analog in studying many aspects of membranes
under controlled changes in thermodynamic parameters.
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